Abstract New measurements are reported for the isochoric heat capacity of the ionic liquid 
where S P is in Pa and T in K. Eq. 1 is useful as a smoothing equation for their measurements. We would advise that the simple form of Eq. 1 is a rather poor compromise that was necessitated by the large relative uncertainties of the experimental pressures. Furthermore, it would be ill advised to try to either extrapolate Eq. 1 beyond the range of the original measurements or employ calculated derivatives based on this vapor pressure equation to evaluate other thermodynamic quantities. Rocha et al. [4] used the same technique with a different sample and apparatus to measure the vapor pressure of the IL in the temperature range from (465 to 489) K. Reasonable agreement (within 20 %) was observed between the two vapor pressure data sets, with data by Rocha et al. [4] systematically lower than data of Zaitsau et al. [3] . For the [C6mim] [NTf2] roundrobin study [2] , two labs performed adiabatic measurements of isobaric heat capacity ( P C ). An evaluation of these experimental data [1] showed that the two labs agreed very closely. The roundrobin study did not include isochoric heat capacity V C measurements. The reports from the IUPAC project [1, 2] K along the isobar of 10 MPa using a modified commercial Tian-Calvet calorimeter. Adiabatic calorimeter method has been used by Blokhin et al. [8] and Shimizu et al. [9] to measure P C
[C6mim]NTf2, while the authors of the works [7, [10] [11] [12] used DSC technique. As was mentioned in previous study by Bochmann and Hefler [5] large discrepancy, up to 7 % between the reported P C data measured with DSC and adiabatic calorimeter, was found for [C6mim]NTf2 (see Fig. 1 ).
Zaitsau et al. [14] used quartz crystal microbalance method to determine enthalpy of vaporization These figures also include the present results for saturated density and saturated two-phase isochoric heat capacity data. As can be noted, large scatter up to 7 % for heat capacity and 0.35 % for density are shown. A detailed consistency analysis of the various reported data sources and the present measurements are given below in sections 3.2 and 4.
In our previous work [27] we have measured two-and one-phase V C for [C6mim] [NTf2] over the temperature range from (330 to 480) K and pressures up to 20 MPa for 9 liquid isochores from (1217.6 to 1278.8) kg⋅m -3 . The present work is the continuation of our previous study of the range studied in the present work now extends 75 K below the previous study [27] . Another objective of the present study is to provide new interpretation of the present and previous twophase V C measurements for IL in order to explain thermodynamic bases of the experimentally observed low vapor-pressure for IL and consistency between calorimetric ( V C ) and vapor-pressure measurements. Thus, in the present study we provide a new interpretation our previous [27] measured V C data together with the present results to explain physical bases of the unusual low vapor pressure of the IL and their impact on two-phase V C behavior, i.e., temperature and specific volume dependence of the two-phase V C and some features of the other derived thermodynamic properties of IL at liquid saturation curve. Furthermore, we propose a method of separation and extraction of the distinct V2 C contributions, chemical potential ( Vμ C ) and vapor-pressure ( VP C )
terms from the measured total two-phase ( V2 C ) isochoric heat capacity of IL by using the Yang- temperatures for two liquid filling densities of (1323.92 and 1344.14) kg⋅m -3 using a precise adiabatic technique previously described in our publications [27, 28] .
It is well-known that P C data are widely used in process engineering calculations, while, V C data are used to gain a better understanding of theory and thermodynamic property models, example, [27, 28] ). In the present work we routinely use the existence of a sharp discontinuity as the measurement criterion to obtain the liquid-vapor saturation curve ( ) ρ S T of a substance during continues heating the system at constant density. We propose to use one-and two-phase isochoric heat capacity data, saturated temperatures, and saturated densities ( 
, and ( )
Experimental Procedures
Since the method (experimental details, the physical basis and theory of the method, procedures, uncertainty assessment) and apparatus have been described in our earlier publications (see, for example [27, 28] ), only essential information will be briefly given here. Isochoric heat-capacity
measurements were performed with a high-temperature, high-pressure, and nearly constant-volume adiabatic calorimeter. The adiabatic system detects extremely small temperature differences (10 -6 K to 10 -5 K) between the inner and outer vessels. The combined expanded (k = 2) uncertainty for the heat capacity, with allowance for the propagation of uncertainty related to the departure from true isochoric conditions of the heating process, was (2 to 3) % for liquid-phase and barogram technique (readings of the pressure transducer, P-τ plot). Details of both techniques have been described in [27, 28] . The thermo-and barograms provided records of the changes in temperature T ∆ , changes in pressure P ∆ , and the finite-difference derivative ( was supplied by IoLiTec (Germany) 1 . The supplier furnished its purity assay (NMR) > 99 %, water (KF) < 70 ppm with the substance. The purity of our sample was slightly worse than that for the IUPAC reference sample [1, 2] , which had a reported purity of (NMR) > 99. [27] are presented in Table 2 . Previous one-phase ' 1 V C data were slightly (within their experimental uncertainty) were corrected after their analysis together with new measurements in the present work. Table 2 contains also, derived from two-phase V C data, new values of the second temperature derivatives of vapor-pressure and chemical potential after slightly corrections previous V C measurements [27] . Due to the sensitivity of the vapor-pressure and chemical potential temperature derivatives to slight (even within their experimental uncertainty) changes in for filling densities in the compressed-liquid range. In order to estimate the values of ( )
T µ measurements on two reference isochores in the two-phase region are sufficient
dependence is a straight line, which will be discussed in terms of the Yang -Yang relation, Eq. 7. This relation leads to a simple and accurate approach to determine the slope,
, and intercept ( )
straight lines. In other words, a series of measurements of 2 V C as a function of temperature along two isochores in the two-phase regions is enough information.
All the measurements reported in this work were made on a single filling of the calorimeter.
Between isochores, a small amount of substance was withdrawn and weighed with a calibrated mass balance. For each of the two filling densities in this work, the sample was heated to 374 K on an isochoric path, while some isochores were cycled up to three times to detect possible decomposition or possible leakage at the high-pressure end of the isochore where pressure could be as high as 100 MPa. In this work, the measured values of V C were internally consistent as shown in Fig. 4 , which gives us considerable confidence that neither decomposition nor leakage was present. In view of these indications from the experiments and a typical sensitivity of 0.1 mol % for a proton NMR analysis, we elected to not send a sample for NMR analysis after the measurements were completed. For two ordinary hydrocarbons (e.g. n-pentane and n-hexane), the two-phase V C − heat capacities along the saturation curve for two measured isochores together with previous reported data [27] is shown in Fig. 6 (left). The isochoric heat capacity difference ( Fig. 6 (right). Figure 6 (left) also shows the ideal gas heat capacity of an IL
[C6mim][NTf2] reported by Paulechka and Kabo [29] . As one can note from C saturated isochoric heat capacities together with previous measurements [27] were fitted to simple quadratic temperature functions,
where
C is a linear function of specific volume V (see also below very well-known Yang-Yang relation, Eq. 7, for two-phase V2 C ), the values of isochoric heat capacity at any T and V in the two-phase region can be calculated from the following equation:
where the derivative
∂ V in the two-phase region (slope of the two-phase V2
C -V isotherms) is related to the second temperature derivative of the vapor pressure as in the relation,
The present at saturation appear systematically lower than all previously reported data at 101 kPa (see Fig. 1 ), except Crosthwaite et al. [12] which appears to be the lowest of all. Acceptable agreement within 3.4 % (close to the experimental uncertainty of the present data) was found between the present data and the values measured by Hughes et al. [21] . A discrepancy of less than 3 % also was observed between our results and the data reported by Blokhin et al. [8] . Good agreement of 2.4 % was found between the present data and the data reported by Bochmann and
Hefter [5] at temperatures. Also, our previous reported in Ref. [27] data at high temperatures are consistent with other reported data (see Fig. 1 ), except the data by Bochmann and Hefter [5] , which was measured isobarically at p = 10 MPa. For example, the discrepancy between our previous report in Ref. [27] and the data by Diedrichs and Gmehling [7] is less than 1 % (good agreement also was found between the present saturated densities and densities at 101 kPa from the same lab, Kato and Gmehling [16] , see above). In the temperature range from (399 to 450) K our previous data [27] are in good agreement (AAD=1.53 %) with the data by Bochmann and Hefter [5] , although at higher temperatures (above 450 K), the discrepancy grows, reaching 7.5 %. However, as clearly demonstrated in Fig. 1 , the temperature trend all of the previous reported data (high temperature behavior of for the IL) are consistent with our previous results [27] . Moreover, the data reported by Bochmann and Hefter [5] at high temperatures (above 535 K) are effected by decomposition, which introduces an important consideration. We observed that the decomposed sample data are consistent with their data with an undecomposed sample, i.e., there's no significant difference between the data for decomposed and stable (undecomposed) IL samples. Looking to the future, we feel that additional measurements which include the high temperature range above 450 K are called for to help decide which data are the most reliable.
Saturated Liquid Density (
' S ρ ) and Phase Transition Temperature ( S
T ) Measurements
As we mentioned above, isochoric heat capacity exhibits a discontinuity at the intersection of the liquid-gas phase-transition curve (see Fig. 3 ). We have determined each phase transition temperature ( S T ) for each filling density from the observed discontinuity in T C − V curves and confirmed the phase transition temperature with its T P − isochore break point. The measured phase-transition temperature for each liquid isochore is presented in Table 2 together with previous measurements [27] and shown in Fig. 2 in a projection of S T -S ρ data. This figure also depicts the values of density as a function of temperature at atmospheric pressure ( ) T ρ calculated from reference correlation [1] at atmospheric pressure and other reported density data [6, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] 27] at atmospheric pressure published after IUPAC project reports [1, 2] (after 2009). Table 3 presents the deviations (absolute average deviation, AAD) between the present saturated density data and reported densities at atmospheric pressure (second column). This table also contains the deviations between the correlation by Tariq et al. [6] and various data sources including the present results (first column). The IUPAC recommended reference correlation for the density at 101 kPa is agree with the present saturated density data within 0.18 %. As one can see from Table 3 , the present saturated density data for the IL are deviate from the measurements by González et al. [15] within 0.22 %. Good agreement within 0.07 % to 0.10 % was observed between the present and the reported density data by Kato and Gmehling [16] , Azevedo et al. [17] , Jacquemin et al. [22] , Kandil and Marsh [23] , and Ahosseini et al. [24] . Acceptable agreement within 0.14 %, 0.15 %, 0.17 %, and 0.17 % was found between the present and the data of Iguchi et al. [25] , Mohammad et al.
[18], Widegren and Magee [20] , and Safarov et al. [13] , respectively. The relative large discrepancy within 0.30 %, 0.27 %, and 0.22 % is observed between the data reported by Esperança et al. [19] , Tariq et al. [6] , and Gonzalez et al. [15] and the present saturated density data, respectively. Our previous saturated density measurements [27] at high temperatures deviate from the Tariq et al. [6] and Safarov et al. [13] reported data within 0.35 %. The deviations within 0.34 % was also observed between our previous studies [27] and the data reported recently by Iguchi et al. [25] . The large discrepancy maybe attributed due to purity effect or contact with remaining air in the calorimeter after evacuation. Other possible reason is at high temperature the difference between densities at saturation and 101 kPa is increasing, therefore, the comparison saturated liquid density and the density at 101 kPa is thermodynamically incorrect, although the differences between them is small. The deviation plots between the density correlation at 101 kPa by Tariq et al. [6] and the present measurements and other reported data are shown in Fig. 7 . As this figure shows, in general the agreement between the most reliable reported data is acceptable. Table 3 (first column) presents AAD between the Tariq's et al. [6] correlation and reported data. As can be note, the deviations between the reported datasets and the correlation [6] are within 0.14 % to 0.30 %. The present saturated densities agree with the correlation [6] within 0.27 %. Thus, deviation of the present saturated density data from correlation [6] are lying within the same deviation range as all other reported data. This is confirming the accuracy and consistency of the present saturated density data with other reported data.
The phase transition temperature for each constant liquid-density (isochore) experiment was very clearly exhibited on its thermogram and barogram as break points of the slopes [27] . The discontinuity of the temperature behavior of 
, and T P − data as break points at the saturation curve (see Fig. 8 and Table 4 ). As Fig. 8 demonstrates for two measured isochores, V γ -T data show sharp break points at the same temperatures as the isochoric heat capacity jumps (see Fig. 3 ). This is additional confirmation of the reliability of the reported saturated density and temperature data for the IL. As one can see from , together with our previous reported data [27] were fitted to a simple quadratic temperature function, as in the form,
where the values of the fitting parameters are 0 C will be used (see below, sec. 4) to calculate the derived thermodynamic properties of an IL at saturation. T µ using the theoretically based Yang-Yang relation (see below, Eq. 7). For the gas + liquid coexistence region, the Yang and Yang [30] relation for two-phase isochoric heat capacity is given by,
Two-Phase Isochoric Heat Capacities and Second Temperature Derivatives of Vapor-Pressure
or, in terms of the contributions from chemical potential and vapor pressure, we have the sum,
where V2
C is the total measured two-phase isochoric heat capacity; V is the specific volume; VP C 
and
where " V and ' V are the vapor and liquid specific volumes at saturation, respectively, corresponding to a given fixed temperature T (isotherm). Usually Eq. 9 is applied for pure fluids to calculate the values of temperature derivatives ( ) C ) curves are either well-known or can be readily obtained experimentally. Therefore, using Eq. 9 both derivatives can be readily
2 V C ) data. If saturated properties are not experimentally known, the relation (7) can be directly used to calculate the values of ( ) V at saturation were not practical, due to the fact that the vapor is far too dilute at all practical temperatures below the thermal decomposition temperature threshold. In the present work, we directly applied Eq. 7 to the present and previously reported [27] two-phase isochoric heat capacities for various isotherms. The derived values of ( )
as a function of temperature are given in Table 2 and are depicted in Figs. 9 and 10 together with the values calculated from a previously published vapor-pressure Eq. 1 [3] and [4] . As mentioned earlier, as expected, the values of ( )
calculated from Eq. 1 are systematically wrong.
While these calculated derivatives display the same qualitative profile in Fig. 9 , they differ from our derivatives derived from experiments by orders of magnitude. We report that the derived values of ( ) It is well known that the vapor pressure of an IL substance is quite small [3] at temperatures at least up to their threshold of thermal decomposition. The second temperature derivatives are very small as well. For example, when calculated from Eq. 1 [3] , values of ( )
in the same temperature range are within < 6×10 -4 Pa•K -2 . It follows from Eq. 9 that small values of ( )
for the IL means that the heat capacity difference (
C is almost independent of V, see Fig. 4 ) and ( )
than the saturated liquid volume ( V ′ ). Thus, for an IL (especially at low temperatures) the Eq. 9 can be simplified as
From the present calorimetric measurements, it is apparent why the vapor pressure and ( ) 
, the second temperature derivative of the chemical potential can be obtained with a greatly simplified relation,
Thus, we have shown that the quantity ( )
is completely defined by the saturated twophase liquid heat capacity at saturation V2
C′ .
The values of ( )
derived from the present two-phase 2 V C measurement were compared with the values calculated from vapor pressure Eq. 1 by Zaitsau et al. [3] and Rocha et al. [4] (see Fig. 9 From the physical point of view, this means that the effect of the vapor phase on the total observed heat capacity of the two-phase IL is negligibly small, i.e., when we isochorically heat the IL, most of the energy is used to increase the internal energy of the liquid phase, or in other words, almost no energy is spent to evaporate liquid to the vapor phase.
Derived Thermodynamic Properties of IL [C6mim][NTf2] at the Saturation Curve
As was mentioned above, due to small vapor pressures of the IL, their thermodynamic properties at saturation exhibit certain features that considerably simplify calculation. We used well known general differential equations of thermodynamics [27] to calculate thermodynamic properties and one-phase partial temperature derivatives at saturation from the measured saturated calorimetric properties ( S T , ' S ρ , ' 2 V C , ' 1 V C ) and vapor-pressure data. Since for IL ( )
is small, the calculated values of isobaric heat capacity at saturation ( P C ) and saturated liquid heat capacity ( ' S C ) are equal to two-phase liquid isochoric heat capacity ( 
, and oneand two-phase isochoric heat capacities (
C -V1 C ) by using the relation,
Values of speed of sound at saturation that were calculated with Eq. 12 together with the values calculated from IUPAC reference correlation [1] at P = 101 kPa are presented in Table 5 . V , and ( ) Table 5 ; because of the underlying calculations with ( ) Table 5 and depicted in Fig. 12 
derived in the present work (see Eqs. 2, 3, and 6).
As Fig. 12 demonstrates, the agreement between independent calorimetric (heat capacity) and direct P-T measurements is good. This is additional confirmation of thermodynamic consistency of the simultaneous calorimetric and thermal measurements.
The values of the partial temperature derivative of specific volume at saturation in the one-phase
, and vapour-pressure Eq. 1 [3] are almost the same, i.e.,
the maximum difference on the order of 10 -11 cm Table 5 as a function of temperature.
Conclusions
One-( together with our previous reported data [27] were used to calculate other derived thermodynamic 
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=3 %, depending on T and P. and (3). Dashed-dotted line is ideal gas isochoric heat capacity from [29] . Circles are present data and squares are previously reported data [27] [6] . ×, this work; •, Safarov et al. [13] ; , Widegren and Magee [20] ; , Esperança et al. [19] ; ▼, Muhammad et al. [18] ; +, Jacquemin et al. [22] ; , Kandil and Marsh [23] ; ⊗, Ahosseini et al.
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